Based on the near infrared spectra of 42 M dwarfs, carbon abundances are determined from the rovibrational lines of CO 2-0 band. We apply T eff values based on the angular diameters (15 objects) and on the infrared flux method (2 objects) or apply a simple new method using a log T eff (by the angular diameters and by the infrared flux method) -M 3.4 (the absolute magnitude at 3.4 µm based on the W ISE W 1 flux and the Hipparcos parallax) relation to estimate T eff values of objects for which angular diameters are unknown (25 objects). Also, we discuss briefly the HR diagram of low mass stars.
Introduction
M dwarf stars are the largest stellar group in the solar neighborhood. Also, because of their small masses, the lifetimes of M dwarfs are longer than the age of the Universe, and M dwarfs are composed of the samples of all the populations including very old ones. Unfortunately our understanding on this large and rich stellar group is rather poor compared to other stellar groups. This should largely be due to difficulty of observing M dwarfs because of their faintness, and the difficulty is most severe for the M dwarfs of the old population in the distant halo. Recent progress, however, overcame the observational barriers to some extent, especially in the field of stellar interferometry, infrared spectroscopy using new infrared detectors, astrometry and photometry from space, etc.
In addition to the faintness of M dwarfs, spectroscopic analysis of M dwarfs has also been hampered by the heavy blending of many atomic and molecular lines, especially in the optical region. This difficulty can be reduced somewhat in the infrared region, as has been shown by Mould [Vol. , (1978) who has carried out abundance analysis based on the near infrared spectra of six M dwarfs observed with the Fourier Transform Spectrometer (FTS) at KPNO. After this promising attempt in the 1970's, however, infrared spectroscopy of M dwarfs at high resolution could not be pursued further, because infrared detectors were not yet sensitive enough for faint M dwarfs. Recent progress of the infrared two-dimensional detectors finally made it possible to pursue spectroscopic analysis of M dwarfs further, as has already been demonstrated byÖnehag et al. (2012) who have analyzed the infrared high resolution spectra in the J band region of about a dozen of M dwarfs.
Although spectroscopic analysis of the M dwarf star has been deemed difficult in general, we have some reasons why we study such a difficult case. For example, carbon and oxygen abundances in late-type stars are generally difficult to determine and their abundances are still controversial even for the Sun. This is because the abundance indicators of carbon such as the high excitation lines of neutral carbon and molecular lines such as of C 2 and CH (e.g., Grevesse et al. 1991; Asplund et al. 2005) , for example, are mostly pretty model sensitive. In contrast, such a difficulty can be reduced in M dwarfs for which numerous lines of stable molecules such as CO and H 2 O can be used as abundance indicators of carbon and oxygen, respectively. Such an advantage in the spectroscopic analysis of M dwarfs has not necessarily been well recognized so far and we hope to explore such a possibility in some detail in this paper.
Also, recent interests in M dwarfs come from possibilities to detect Earth-type planets around M dwarfs and to know the nature of such M dwarfs that host planets. Until the present, it has been suggested that metallicity of the planet hosting M dwarfs may be high (e.g., Johnson & Apps 2009 ). Also habitability of the planets may depend largely on their chemical environment and accurate abundance determination of the parent M dwarfs should be an important issue in investigating habitable planets themselves. However, direct abundance determinations in M dwarfs based on detailed spectroscopic analysis are still limited, and most estimations of metallicity were based on indirect methods based on low resolution spectroscopic or photometric indexes (e.g., Rojas-Ayala et al. 2012; Neves et al. 2013) .
For extending detailed spectroscopic analysis to M dwarfs, however, another difficulty is the heavy veiling of the spectra by molecular bands, which obscures the true continuum needed to measure accurate line strengths (or equivalent widths). If we apply the spectral synthesis (SS) method, which has been more popular in recent years, the situation is the same, since the synthetic spectrum has usually been evaluated by referring to the true-continuum. Given that the problem of the continuum is a common feature that cannot be avoided in cool stars, we think that it is useful to examine the nature of the veil opacities in some details and reconsider such an analysis carried out by referring to the true-continuum. In fact, it is now possible to evaluate the pseudo-continuum level fairly accurately by virtue of the recent progress in molecular line database such as HITEMP2010 (Rothman et al. 2010 ) and many references cited therein (e.g., Barber et al. 2006 ). Then, we may abandon to refer to the true-continuum and reformulate the spectroscopic analysis in such a way as to proceed by referring to the pseudo-continuum defined by the molecular veil opacities. The basic principle of the spectroscopic analysis should be the same whether the true-or pseudo-continuum is referred to. Now, the observational barriers are being overcome to some extent and the method of analysis can hopefully be improved somewhat as outlined above, we hope to pursue the possibility of determining accurate abundances directly from the observed spectra of M dwarfs.
In this paper, we first introduce our observed data (section 2) and then examine the necessary data and tools for spectroscopic analysis such as fundamental stellar parameters, model photospheres, and molecular data (section 3). We then carry out a preliminary analysis based on the conventional method disregarding the background opacity due to numerous H 2 O lines (section 4), and consider the effect of H 2 O contamination consistently in the analysis referring to the pseudo-continuum (section 5). Finally, we discuss some topics including method of analysis, carbon abundances in M dwarfs, accuracy of abundance analysis, and HR diagram at the end of the main sequence (section 6).
Observations
We observed 42 M dwarfs listed in the table 1, which were selected based on at least one of the following three criteria.
1. The distance of the target (d < 30 pc) is known by parallax measurements mostly by Hipparcos (van Leeuwen 2007) . All the target stars satisfy this criterion. 2. The radius of the target star was obtained by interferometry (Boyajian et al. 2012, references therein) . 16 stars whose names are marked by † in table 1 belong to this case. 3. The target star hosts a planet (or planets) (Marcy et al. 1998; Delfosse et al. 1998; Butler et al. 2004; Bonfils et al. 2005; Butler et al. 2006; Forveille et al. 2009; Johnson et al. 2010; Haghighipour et al. 2010; Apps et al. 2010; Howard et al. 2010; Forveille et al. 2011) . Ten stars whose names are marked by ‡ in table 1 belong to this case.
Observations were carried out at the Subaru Telescope on 2013 May 9 and November 16 UT using the echelle mode of the Infrared Camera and Spectrograph (IRCS; Kobayashi et al. 2000) with natural guide star adaptive optics. The slit width of 0.14 ′′ was sampled at 55 mas pixel −1 , and the resolution was about 20000 at K. The echelle setting was "K + ", which covered about a half of the K window with the orders, wavelength segments and pixel-wise dispersions given in table 2. The targets were nodded along the slit, and observations were taken in ABBA sequence, where A and B stand for the first and second positions on the slit. Total exposure time ranged from 24 seconds (GJ 820 A) to 54 minutes (GJ 3348 B) . The night in May was photometric, while that in November was spectroscopic. Signal-to-noise ratios of reduced spectra at around 23000Å given in the fifth column of table 1, were typically higher for the run in May. At the beginning of the night in the May run and at the ending of the night in the November run, a rapidly rotating B8 star Regulus (α Leo) was observed as the calibrator of telluric transmission.
During the target acquisition by K band imaging, GJ 797 B was spatially resolved into an equal binary with a separation of 0.3 ′′ with NE and SW components. By placing the slit perpendicularly to the separation, each component was observed.
Data reduction was carried out using the standard IRAF 1 routines in the imred and echelle packages. After extraction of one dimensional spectra, wavelength calibrations were calculated using telluric absorption lines in the spectra of Regulus. After wavelength calibrations of one dimensional spectra of A and B positions, they were coadded to produce combined spectra. The combined spectra were normalized by the pseudo-continuum levels and then calibrated for telluric absorption using the spectra of Regulus. 
Preparations for Spectroscopic Analysis
The basic parameters that characterize stellar spectra are effective temperature, surface gravity, chemical composition, and micro-turbulent velocity. However, it is difficult to determine all these parameters from the observed spectra, and it is helpful to obtain some of these parameters from other sources. We survey such a possibility especially in the recent stellar interferometry and in the databases based on space observations (subsection 3.1). With the basic parameters at hand, we generate model photospheres needed to compute theoretical spectra by which to analyze the observed spectra, and we briefly discuss our models (subsection 3.2). In the computation of the theoretical spectra, accurate molecular data are indispensable and we discuss the molecular data we are to use (subsection 3.3).
Fundamental Parameters of M Dwarfs
Thanks to the recent interferometric measurements of the angular diameters of M dwarfs, effective temperatures of dozens of M dwarfs are now known with sufficient accuracy (e.g., Boyajian et al. 2012 ) and about a third of our sample belong to this case. The problem is how to estimate effective temperatures of M dwarfs for which an-gular diameters are not known.. One possibility may be to apply photometric data, and the best way for this purpose may be to apply the infrared flux method (Blackwell et al. 1980 ). We applied this method by the use of the L ′ band flux but only to a limited number of M dwarfs (Tsuji et al. 1996) . For extending this method to our M dwarfs, we looked for the L ′ band data in the literature, but we could not find them in the ground-based photometry for most of our sample. But we noticed that the W ISE W 1 band flux centered at 3.4 µm can be used for this purpose.
Meanwhile, however, we find it possible to use the W ISE data not in the infrared flux method but in another way: Namely, for M dwarfs for which interferometric T eff values are available, we convert the W 1 flux to the absolute magnitude at 3.4 µm, M 3.4 , by the use of the Hipparcos parallax (van Leeuwen 2007) . Then we use the resulting M 3.4 − log T eff relation to infer T eff from M 3.4 which is available for all the M dwarfs we are to analyze. There are 33 K and M dwarfs for which interferometrically determined T eff are known with precision to better than 5% in table 6 of Boyajian et al. (2012) . However, the W ISE fluxes were not resolved for the binary components GJ 338A, GJ 338B, GJ 702A, GJ 702B, GJ 820A, and GJ 820B, and we use the remaining 27 stars. To include later M dwarfs, we also consider nine M dwarfs whose T eff values are determined by the infrared flux method (Tsuji et al. 1996) . These 27 and 9 data are summarized in tables 3 and 4, respectively. For these 36 objects with known T eff , M 3.4 values are plotted against log T eff values in figure 1. Except for a few cases, M 3.4 and log T eff follow reasonably tight correlation and we draw a mean curve shown by the dashed line in figure 1.
The resulting M 3.4 -log T eff relation is used to estimate T eff of M dwarfs for which T eff values are not known. The resulting T eff values together with M 3.4 values are given in table 5 for 25 M dwarfs. For two objects, GJ 273 and GJ 725B, which deviate from the mean relation in figure 1 , we also estimate their T eff values by using the M 3.4 -log T eff relation and the results are included in table 5. The resulting T eff = 3415 K by the M 3.4 -method is higher compared with T eff = 3150 K (table 4) by the infrared flux method for GJ 273, while T eff = 3337 K by the M 3.4 -method is higher compared with the T eff = 3104 K (table 3) by the interferometry for GJ 725B. We should in principle respect the results by the direct observations, but the consistency among all the data should be considered at the same time. We analyze the spectra of these two M dwarfs by the two different T eff values -the high and low, and examine the overall consistency at the end (subsection 6.2). We attach H and L to the star names to discriminate the cases of high and low T eff , e.g., GJ 273-H and GJ 273-L.
In applying the M 3.4 -method, the accuracy of the input data, especially of the W ISE photometry is most crucial. Generally, the major problem in the photometry of relatively bright objects is the possible saturation of the detectors. In this regard, the W ISE data quality has been examined in detail by Avenhaus et al. (2012) who showed that the W 1 band flux centered at 3.4 µm is of high quality and quite reliable. This is in marked contrast to the W 2 band flux centered at 4.6 µm, which was showed to be not free from saturation effect and will result in significant errors for bright stars. By the way, Avenhaus et al. (2012) showed that there is no mid-infrared excess in about a hundred M dwarfs by the analysis of the W ISE data and concluded that there is no clear evidence for a debris disk around M dwarfs. This result implies that the visibilities measured by the interferometers are not likely to be disturbed by emission and/or scattering by the circumstellar dust. However, detailed analysis should be needed on deviating stars in figure 1 to see if such a conclusion can be applied to them.
We also plot T eff values by different methods against the spectral types in figure 2. For this purpose, we find that 29 M dwarfs in our sample are included in 426 M dwarfs classified on a uniform system by Joy & Abt (1974) who used the strengths of TiO bands in the blue. As for remaining 13 M dwarfs, we apply the spectral types found in SIMBAD. Although these types due to different authors are naturally not on a uniform system, we confirm in our sample of 29 M dwarfs noted above that the SIMBAD types agree with those by Joy & Abt (1974) within 1 subtype for the 28 out of 29 M dwarfs and within 1.5 subtype for a remaining object GJ 205. Inspection of figure 2 reveals that the spectral type -T eff relation is not defined very well, but most stars follow a mean relation (dashed line) with dispersion of ± 1 subtype (dotted lines) 2 . It is to be noted that there is little systematic effect among the T eff values determined by the interferometry (filled circles), the infrared flux method (open circles), and the M 3.4 -method (filled triangles).
The radii based on the angular diameters and masses mostly based on the mass-luminosity relations are also reproduced in 8-and 9-th columns, respectively, in table 3 from Boyajian et al. (2012) . The log g values based on these radii and masses are given in the 10-th column of table 3, but only for those objects which are analyzed in the present paper. For the objects for which T eff values are determined by the infrared flux method and by the M 3.4 -method, radii and masses are estimated by applying the empirical equations (8) and (10), respectively, given by Boyajian et al. (2012) . The resulting values of R/R ⊙ , M/M ⊙ , and log g are given in the last three columns in tables 4 and 5 (but in table 4, only for objects which are analyzed in the present paper). Now, T eff and log g values are ready for the 42 objects we are to analyze in this paper, and these data are plotted in figure 3 together with the result from the evolutionary models by Baraffe et al. (1998) . Note that GJ 273 and GJ 725B appear twice for the different sources of T eff values noted above. Also, GJ 273-L and, especially GJ 725B-L, show large deviations from other objects in figure 3.
2 A large deviating star GJ 205 is very metal-rich and may be classified to be too late for its T eff . GJ 611B is metal poor and may be classified to be too early for its T eff . But we have no explanation for GJ 273-L, GJ 686, and GJ 725B-L.
- 
Model Photospheres of M Dwarfs
We apply the model photospheres of M dwarfs included as a part of our Unified Cloudy Models (UCM) (Tsuji 2002; . Our present M dwarf sample is not so cool as to form dust clouds in their photospheres and we apply our dust free models for two abundance cases: case a (Caseries) with the high C & O abundances (log A C = −3.40 & log A O = −3.08
3 ) and case c (Cc-series) with the low C & O abundances (log A C = −3.61 & log A O = −3.31), which are based on the classical solar abundance (Anders & Grevesse 1989; Grevesse et al. 1991 ) and a downward revised solar one (Allende Prieto et al. 2002) , respectively. Our grid covers T eff between 700 and 4000K with a step of 100 K for log g = 4.5, 5.0, and 5.5. However, inspection of tables 3 ∼ 5 reveals that log g's of most M dwarfs are somewhere between log g = 4.5 and 5.0. For this reason, we generate an additional series of models with log g = 4.75 (T eff = 2600 ∼ 4000 K) in our UCM grid, and this series of models are used in the first iteration of our preliminary analysis (section 4).
However, we find that the abundance analysis is sensitive to the fundamental parameters, especially to log g (subsection 4.3). Then we finally decide not to use the models from our grid but to generate a specified model for T eff and log g of each M dwarf, and use it in and after the second iterations. If the carbon abundance by our first iteration of the preliminary analysis appears to be closer to the classical solar abundance (or to the recent solar abundance), we apply the case a (or case c) abundance as the input C & O abundances for our models 4 .
Molecular Data
The spectroscopic data of CO are relatively well known. Our CO data are based on the line position data (Guelachivili et al. 1983 ) and intensity data (Chackerian & Tipping 1983) . Under the high density of the photospheres of M dwarfs, another important issue is the collision broadening, which depends on the physical properties of the interacting atoms or molecules. The collision halfwidth γ is relatively well studied for the collision partners in the air (N 2 , O 2 ...) at room temperature, but unfortunately not for collision partners in stellar photospheres (H, He, H 2 ...) at elevated temperatures. Usually, collision half-width γ is represented by
where γ 0 is the collision half-width measured at a reference temperature T 0 (e.g. 296 K) and gas pressure p 0 . The CO air-broadened values of γ 0 can be found in the CO database included in HITEMP2010 (Rothman et al. 2010) , but those by molecular hydrogen appropriate for temperatures as high as 3000 K are available only for CO pure rotation transitions (Faure et al. 2013 ) so far as we are aware. As an example of the effect of the collision partner, we compare the H 2 broadening half-widths (converting from MHz/Torr to cm −1 /atm unit from Faure et al. (2013) ) and air-broadening ones (Rothman et al. 2010) for the case of CO pure rotation transitions in table 6.
Inspection of table 6 reveals that the effect of collision partners is rather small in the low J transitions but quite appreciable in the high J transitions. The values of γ 0 for the air-broadening of CO 2-0 vibrationrotation transitions which we analyze in this paper are rather similar (Rothman et al. 2010) to the case of the pure rotation transitions shown in table 6. Although it is possible that the H 2 -broadening is about 50 % larger than the air-broadening, we apply the medium value of γ 0 = 0.05 cm −1 /atm for the air-broadening data (Rothman et al. 2010 ) to all the CO 2-0 lines we study in this paper (J ≈ 30 − 70). We hope that measurements of the H 2 -broadening at high temperatures can be extended to the vibration-rotation transitions of CO in the near future.
For the reason to be noted in subsection 4.1, we decide to concentrate to the CO lines near the (2,0) bandhead region and select CO blends listed in table 7 in which the spectroscopic data of CO lines are given. We hoped that this spectral region may be relatively free from other molecular bands. In fact, our line-list includes some lines of CN Red System, ro-vibrational lines of OH, HF, H 2 etc., but none of these molecular lines is prominent in the region we are to study. However, we notice that the wings of H 2 O ν 1 and ν 3 bands centered at 2.7 µm and ν 2 + ν 3 band centered at 1.87 µm extend to the region of the CO 2-0 band and numerous weak H 2 O lines produce appreciable effect on the continuum level. Also some CO lines are blended with the H 2 O lines in such a way that their equivalent widths are modified by the blends.
We first examine the effect of H 2 O lines with the use of the line-list by Partridge & Schwenke (1997) on a model of Cc3500c50 and ξ micro = 1 km sec −1 . The result is shown in figure 4a in which the predicted spectrum with the resolution of about 10 5 is shown by the thin line and that convolved with the slit-function (Gaussian) with FWHM = 16 km sec −1 (the resolution of our observed spectra) by thick line. Next, we do the same but with the use of a new water line-list in HITEMP2010 (Rothman et al. 2010) which has extensively used the BT2 database by Barber et al. (2006) (figure 4b). Although the general patterns of the H 2 O spectra in figures 4a and 4b are not very different, the depressions of the continua are much larger in figure 4b (more than 3 %) than in figure 4a (less than 1 %). For comparison, the predicted spectrum of CO alone shows the continuum clearly (figure 4c). Although the collision half-widths of H 2 O lines span the larger range compared with those of CO, we apply the same mean value as for CO for H 2 O lines in which the damping wings are not yet developed.
The number of H 2 O lines with cut-off at the integrated intensity 5 of S(T = 2500 K) ≈ 3 × 10 −27 cm molecule −1 in the spectral region shown in figure 4 (22925 -23020Å) is 3021 by the line-list of Partridge & Schwenke (1997) while it is 32970 by BT2-HITEMP2010. The number of lines in the original BT2-HITEMP2010 database is still several times larger. This large increase is due to inclusion of many weak lines in BT2-HITEMP2010, and it is such numerous weak lines that play important role in depressing the continuum level noted in figure 4b. Also, with such a high line density of about 350 lines per 1Å interval for the cut-off noted above, the H 2 O opacity should be smeared out and the pseudo-continuum can be well defined at nearly constant level as shown in figure 4b. For this reason, spectral analysis can be carried out by referring to the pseudo-continuum instead of the true-continuum, as will be discussed in section 5. figure 4a ,b,c: Theoretical spectra of H 2 O and CO (p.17). 
A Preliminary Analysis
We first examine the CO spectra (subsection 4.1) and apply a usual method of abundance analysis to the CO lines without considering the possible effect of the blending of the H 2 O lines (subsection 4.2). The external errors due to the uncertainties in the fundamental parameters including the overall metallicity are discussed (subsection 4.3).
CO Lines
In this paper , we focus our attention to the lines of the CO first-overtone band. Although CO lines are clearly observed in the spectral region observed, most lines are blends of two or more CO lines in our medium resolution spectra of R ≈ 20000 (figure 4c). Also, we notice that H 2 O lines are already disturbing the region of the CO first overtone band. As can be inferred from figure 4b, numerous weak H 2 O lines depress the continuum level on one hand and some relatively strong H 2 O lines disturb the individual CO lines as blends on the other. All these facts make it difficult to measure equivalent widths accurately and, in particular, it is very difficult to measure weak lines.
We first hoped to measure as many CO lines as possible recorded in our echelle spectra since it is essential to include weak unsaturated lines and saturated stronger lines together to determine micro-turbulent velocity, which is the important parameter next to the effective temperature and gravity in the interpretation of stellar spectra. However, the situation noted above, namely blending of CO lines themselves, blending of H 2 O lines disturbing both continuum level and CO line strength, and difficulty to measure weak CO lines, makes it difficult to determine micro-turbulent velocity spectroscopically. On the other hand, the micro-turbulent velocity in the photosphere of M dwarfs may be less than 1 km sec −1 ( e.g., Bean et al. 2006) while the thermal velocity of CO is 1.33 km sec −1 for T ≈ 3000 K. Then the role of the micro-turbulence in the line-broadening in the photospheres of M dwarfs may not be so important as in M giant stars in which the microturbulent velocity is larger than 1 km sec −1 . For this reason, we give up to determine the micro-turbulent velocity spectroscopically in our M dwarfs and assume it to be 1 km sec −1 throughout this paper. Once we give up to determine the micro-turbulent velocity, it is almost useless to measure many CO lines which are more or less disturbed by various noises, and we focus our attention to the CO (2-0) bandhead region shown in figure 4c. In this region, the effects of H 2 O ν 1 and ν 3 bands are relatively small compared to the longer wavelength region and there is no overlapping of various CO bands. We then concentrate to determine carbon abundance from the restricted CO features listed in table 7.
Analysis by Blend-by-Blend
All the CO lines we are to analyze are blends of two CO lines on our medium resolution spectra (figure 4c). In such a case, the usual curve-of-growth method cannot be applied. Instead, spectral synthesis (SS) method may be considered, since it is possible to treat the blended features easily by this method. However, SS method has been applied so far only when the true-continuum could have been defined and, for this reason, it may be difficult to apply to M dwarfs for which the true-continuum cannot be defined in general. Although we hope to relax this difficulty as will be detailed in section 5, we here extend the line-by-line (LL) method extensively applied to the unblended lines in red giant stars (e.g., Tsuji 2008) to the case of blended lines in M dwarfs and now the method should better be referred to as the blend-by-blend (BB) method.
We measure the equivalent widths (EWs) of the blends composed of two CO lines listed in table 7, and the results are given in table S1
6 . Now the problem is to determine the carbon abundance from these EWs. Since almost all the carbon atoms are in CO molecules in the photosphere of M dwarfs, the carbon abundance is almost the same as the CO abundance. However, it is not possible to obtain CO and hence carbon abundances directly from the measured EWs. But the reverse is possible; i.e., determine directly the EW of a CO blend for a given carbon abundance. Then, we start from the carbon abundance log A (0) C of the model photosphere used (i.e., log A (0) C = −3.61 for our models of Cc-series) and compute the EW of a CO blend. If the resulting EW is smaller than the observed EW, the assumed carbon abundance should be too small. We then compute EWs, W (δ), for the logarithmic abundance corrections of ∆logA C = δ = +0.3 and +0.6, and we have so to speak a mini curve-of-growth for the CO blends defined by log W (δ)/λ vs. δ (δ = 0.0, 0.3, and 0.6). With this mini curve-of-growth, the abundance correction to the initial value of log A (0) C = −3.61 can be obtained from the observed EW of the CO blend. This process is repeated to all the CO blends listed in table 7 except for the lines of Ref. nos. 13 and 14 which appear to be badly blended with H 2 O lines, and the mean of the resulting abundance corrections for about a dozen of the CO blends is obtained.
An example of the above noted procedures is shown in figure 5a for the case of GJ 412A: The ordinate is the logarithmic abundance correction obtained from the observed equivalent width indicated by the abscissa. The resulting mean correction ∆logA
(1) C = -0.18 is shown by the dashed line, and the result indicates that the carbon abundance should be lower in GJ 412A than in the value assumed. The revised logarithmic carbon abundance is obtained by log A
(1)
Another example is shown in figure 6a for HIP57050 which appears to be very carbon rich (about 3 times larger compared to the initial solar value). Also, the case of the coolest object GJ 406 is shown in figure 7a . The results for our 42 M dwarfs are summarized in table 8 in which object identification, T eff , log g, model photosphere used in the first iteration, the logarithmic carbon abundance correction ∆log A
C , and the resulting logarithmic carbon abundance log A
(1) C are given through first to 6-th columns.
Now we have a rough idea on the carbon abundance for each M dwarf and we proceed to the second iteration, in which we apply our models of Ca or Cc series depending on whether log A (1) C > ∼ −3.50 or < −3.50. We also use the model specified for T eff and log g of each object instead of the model from our UCM grid. We then assume the carbon abundance resulted from the first iteration as an input value and the same procedure as for the first iteration is repeated. Some examples of this process are shown in figures 5b, 6b, and 7b for GJ 412A, HIP 57050, and GJ 406, respectively. The resulting second logarithmic abundance corrections shown by the dashed lines in figures 5b, 6b, and 7b are still non-zero but rather small in all the three cases. The results for 42 M dwarfs are summarized in table 8, in which the specified model photosphere used, the second logarithmic abundance correction ∆ log A (2) C , and the resulting logarithmic carbon abundance log A
are given in 7-th, 8-th, and 9-th columns, respectively. Finally, we repeat the same procedure starting from the new logarithmic carbon abundance log A (2) C and confirm that the resulting correction is almost null as shown in figures 5c, 6c, and 7c for GJ 412A, HIP 57050, and GJ 406, respectively, confirming that our preliminary analysis by the BB method has converged.
------------------------figure 5: Blend-by-blend (BB) analysis of GJ412A (p.17).
figure 6: BB analysis of HIP 57050 (p.18). figure 7: BB analysis of GJ406 (p.18). -
External Errors
Besides the internal errors (probable errors) of the BB analysis mostly 0.05 -0.10 dex (table 8), there are various sources of the external errors. We here examine the errors due to the uncertainties of the fundamental parameters. For this purpose, we select three objects representing early (GJ 338A; dM0.5), middle (GJ 436; dM3.5), and late (GJ 406; dM6.5e) M dwarfs, and repeat the BB analysis for the reference parameters, which we think to be close to the best solution for each object, by the use of the appropriate model for the parameters (first line for each star in table 9). The resulting logarithmic abundance correction ∆ log A C to the assumed initial value (given in the parenthesis in the first column) is given in the 5-th column. Then, we change T eff by ±50 K (second & third lines for each object), log g by ±0.25 (4-& 5-th lines), and ξ micro by ±0.5 km sec −1 (6-& 7-th lines) from those of the reference model, and carry out the BB analysis by the use of the appropriate model for the changed parameter. The resulting logarithmic abundance correction and the difference from that for the reference model are given in the 5-th and 6-th columns respectively, in table 9 for each object. We also examine the effect of changing the Cc-series, which we are using throughout the seven cases so far, to the Ca-series with the fundamental parameters of the reference model in the first line for each object (8-th line for each object in table 9).
Inspection of table 9 reveals that uncertainties of ±50 K in T eff result in rather modest effects smaller than (in early M) or comparable with (late M dwarf) the internal errors. This result can be understood if we remember that CO formation is already complete (i.e., almost all the carbon is in CO) and hence its abundance remains almost unchanged for the changes of temperatures. On the other hand, uncertainties of ±0.25 dex in log g result in an appreciable effect especially in earlier M dwarfs. This may reflect the pressure dependence of the background opacities due to the f − f transitions of H − and H − 2 and collision-induced dipole transitions of H 2 , which are larger at higher gravity and hence require a positive abundance correction (i.e. larger carbon abundance). In the late M dwarf GJ 406, CO lines are pretty strong (see figure 13 ) and larger pressure broadening under the higher gravity may require negative abundance correction (i.e. smaller carbon abundance is sufficient to account for the observed EWs). The uncertainties of ±0.5 km sec −1 in the microturbulent velocity ξ micro result in considerable changes in the carbon abundances. This result implies that the problem of the micro-turbulent velocity remains to be important even in the spectral analysis of M dwarfs in which the pressure broadening plays significant role. We could not determine the micro-turbulent velocity in this study, and this is the major shortcoming that we hope to conquer in the near future. Finally, larger C & O abundances in the Ca-series compared to the Cc-series result in higher temperatures in the photosphere due to the increased line blanketing effect, and hence have a similar effect as the increased T eff (compare the third and 8-th lines in each object in table 8).
Another source of external error is the overall metallicity which we assumed to be the solar for all the models. As an example of low metallicity case, we examine GJ412A which shows a large decrease of carbon (∆logA C = -0.181; table 9). For this purpose, we generate a model in which all the metal abundances are reduced by 0.20 dex from the solar and repeat the BB analysis with the resulting model. The result shown in the last line in table 9 suggests that the uncertainty due to the use of solar metallicity model is 0.094 dex. The effect of the reduced metallicity on the thermal structure of the model is a decrease of temperatures due to the less efficient backwarming effect and has a similar effect as the case of the decreased T eff .
------------------------table 9: Effect of the external errors on abundance determinations (p.30).
-
Analysis of the Spectra with the Depressed Continua by the Molecular Veil Opacities
In the observed spectrum, we measure CO lines by referring to the pseudo-continuum, but analyzed the observed equivalent width measured in this way by the use of the predicted one evaluated by referring to the true continuum (subsection 4.2). This analysis is obviously not selfconsistent. As a possibility to resolve such inconsistency, we analyze the spectra by referring to the pseudo-continua both in observed and predicted spectra (subsection 5.1). We then consider the effect of the contamination of weak H 2 O lines in the computation of the predicted EWs, with which we analyze the observed EWs including the blending of weak H 2 O lines as well. In this way, the consistency of the analysis can be recovered (subsection 5.2). Finally, we examine the results by the spectral synthesis and χ 2 -test (subsection 5.3).
Effect of the H 2 O Veil Opacity on the Continua
To examine the results of the BB analysis outlined in section 4, the spectral synthesis (SS) method can be of some use. For this purpose, we first show a theoretical spectrum of the CO (2-0) bandhead region for our model Cc2800c517 applied to GJ 406 in figure 8a. The spectrum is first calculated at the sampling interval of 0.02Å or R ≈ 10 +5 (thin line) and then convolved with the slit function of the spectrograph (Gaussian) with FWHM = 16 km sec −1 (thick line). Hereafter, we always show this low resolution version of the theoretical spectrum alone for simplicity throughout this paper. In the predicted spectrum, the true continuum level is obviously known but cannot be seen at all in figure 8a, and we know from figure 4b that this is entirely due to numerous weak lines of H 2 O. However, the upper envelope of the spectrum can be well defined as shown by the dashed line, as we already know in the case of H 2 O lines alone in figure 4b. This means that the pseudo-continuum level can be well defined even though the "continuum" level is depressed by about 8% for the low resolution spectrum.
In the observed spectra of M dwarfs, it is only possible to draw a pseudo-continuum. Given that it is possible to define the pseudo-continuum accurately in the predicted spectrum as in figure 8a, we can compare the observed and predicted spectra both normalized by their pseudocontinua. Thus we renormalize the predicted spectrum in figure 8a by its pseudo-continuum (dashed line in figure 8a) and the result is shown in figure 8b (thick line) in comparison with the observed spectrum also normalized by its pseudo-continuum (filled circles)
7 . The observed (filled circles) and predicted (thick line) spectra both normalized by their pseudo-continua show a reasonable match, but the observed spectrum cannot be matched at all with the predicted spectrum normalized by its true continuum ( simply copied from figure 8a above but shown by thin line). Hereafter, we always compare the observed and predicted spectra, both normalized by their pseudocontinua.
In the comparison outlined above, we assume log A C (BB) = -3.55 (table 8) for GJ 406 and log A O = logA C +0.30. The effect of oxygen abundance on CO spectrum may not be important since CO abundance is almost determined by the carbon abundance alone. However, if carbon abundance turns to be very large in some M dwarfs and if oxygen abundance is kept at its initial solar value, then it may happen that A C > A O or the M dwarf turns to the dwarf carbon star! To prevent such a catastrophe, we 7 Hopefully the pseudo-continua for the observed and predicted spectra can be drawn consistently. Practically, pseudo-continuum for the predicted spectrum for a short interval can be a straight line passing through the highest peak and hence rather simple.
On the other hand, the case of the observed spectrum may not be so simple since the pseudo-continuum level may suffer the effect of the variations due to the atmospheric transmission, atmospheric absorption, detector sensitivity etc. Of course, these effects are corrected for during the data reductions, but some effects may remain uncorrected. Thus, the problem of the reference "continuum" is still a troublesome problem even by the use of the pseudo-continuum.
always adjust the oxygen abundance to be A O /A C = 2.0 for the given carbon abundance throughout this paper. It is to be noted that this O/C ratio is assumed to be the same as the solar value (e.g.. Allende Prieto et al. 2002) . Now, as examples of comparing the observed and predicted spectra this way, we show the cases of GJ 412A and HIP 57050 in figures 9a and 9b, respectively. The thick lines are predicted spectra for the final carbon abundances of our BB analysis, log A (2) C , and the thin lines for log A (2) C ± δ(= 0.3). The observed spectra normalized by their pseudo-continua (shown by the filled circles) appear to agree rather well with those predicted for logA (2) C (thick lines). We also evaluate χ 2 values by
where f i obs and f i cal are observed and predicted spectra normalized by their pseudo-continua, respectively. N is the number of data points and σ i is the noise level estimated from the S/N ratio in table 1 (assumed to be independent of i). Resulting χ 2 values for GJ 412A are 7.719, 4.241, and 17.469 for δ = -0.3, 0.0, and +0.3, respectively, where δ is a modification applied to log A C of 42 M dwarfs are given in the 10-th column of table 8. In evaluating χ 2 values, some spectral regions dominated by absorption other than CO are masked (shown by the filled areas in figures 8, 9, and 13).
We must remember that our logarithmic carbon abundances logA (2) C themselves are determined without considering the effect of the H 2 O contamination (subsection4.2). Nevertheless, the fittings of the observed and predicted spectra, both normalized by the pseudo-continua defined by the numerous weak H 2 O lines, appear to be not so bad, and this may be simply because the depressions of the continua by the H 2 O blends are not very large 8 . But we should consider the effect of the H 2 O contamination in the determination of the carbon abundance itself and we discuss this problem next in subsection 5.2.
Observed and predicted spectra of GJ 406 (p.19).
figure 9a,b: Observed and predicted spectra of GJ 412A and HIP 57050 (p.19).
The depressions of the continua of the predicted spectra are about 1, 3, 6, and 8 % for the models of T eff = 3800, 3500 (see figure 4b) , 3200, and 2800 (see figure 8a ) K, respectively, but depend also on log g (for example, about 10 % for slightly higher gravity in T eff = 2800 K model). The amount of the depression can be known only for the theoretical spectrum and never be known for the observed spectrum, since the true-continuum level cannot be known.
Blend-by-Blend Analysis Based on the EquivalentWidths Measured on the Synthetic Spectra
One method to take the effect of H 2 O contamination in determination of the carbon abundances based on CO analysis may be to apply the SS method, which is now possible to apply to the spectra whose true-continua cannot be seen, by the way outlined in the preceding subsection. We have already computed the spectra for three values of carbon abundances in subsection 5.1 and applied the χ 2 -test for the fitting of the predicted spectra to the observed spectrum. Just by computations of additional several spectra with their χ 2 values, carbon abundance can be obtained by minimization of the χ 2 values. However, the SS method seems to be a bit too intricate especially for our medium resolution spectra. In fact, there is little merit to apply such a method to medium resolution spectra blurred by the slit function of FWHM as large as 16 km sec −1 , which washes out all the details of the spectra characterized by the velocity parameters (micro-and macro-turbulence, rotation etc.) generally smaller than 1 km sec −1 . Moreover, the SS method is by no means not free from its own limitations as will be discussed later (subsection 6.1). For these reasons, we propose a more simple method based on the equivalent width measurements instead.
For this purpose, we proceed as in our preliminary analysis (subsection 4.2) but the predicted equivalent widths (EWs) are calculated by including the effect of H 2 O contamination and by referring to the pseudo-continuum instead of the true-continuum. This can be done in principle by using the usual code of evaluating the EWs, but it is again a bit too intricate to include thousands of weak H 2 O lines in computing an EW of a CO blend, by referring to the pseudo-continuum which is difficult to know locally instead of the true-continuum which is obvious in the theoretical spectrum. Instead we can proceed more easily by measuring the EWs on the synthetic spectrum in the same way as we measure the EWs on the observed spectrum. In this way, the effect of the H 2 O contamination can be taken into account automatically and the pseudocontinua can also be defined consistently for the predicted and observed spectra.
Actually, we calculate the synthetic spectra for log A
(2) C in 9-th column of table 8 and log A
C ± δ (some examples for the case of δ = 0.3 is shown in figures 8a and 8b), and we measure the predicted EWs, W (δ), for the CO blends listed in table 7. We now include the lines of Ref. no. 13 and 14, since the effect of the H 2 O blending can be corrected for, but we exclude the line of Ref. no. 1 which appears to be too close to the bandhead. Then we have mini curves-of-growth defined by W (δ)/λ vs. δ (e.g. δ =-0.3, 0.0, and +0.3), by which the logarithmic abundance corrections to log A (2) C required to explain the observed EWs can be obtained. We assume δ = ±0.3 at the beginning. However, we find that the logarithmic abundance corrections do not exceed -0.1 in general. Then, we assume δ = −0.1 and a linear interpolation is sufficient to find the abundance correction for each observed EW. Thus our final blend-by-blend analysis based on the EWs measured on the synthetic spectra (to be referred to as BBSS or simply as BS method) is quite simple.
As an example of the BS analysis, the resulting logarithmic abundance corrections for the case of GJ 412A are shown in figure 10 against the observed EWs used, and we obtain the mean value of ∆log A (3) C = −0.09 ± 0.04 shown by the dashed line. This is the correction to the carbon abundance obtained from CO blends disregarding the effect of H 2 O contamination in table 8, and our iterative abundance analysis now finishes by this self-consistent analysis taking the effect of H 2 O blending into account. The resulting final logarithmic carbon abundance is:
Additional examples are shown in figures 11 and 12 for HIP 57050 and GJ 406, respectively. We carried out this analysis for our 42 M dwarfs and the resulting logarithmic abundance corrections and the final logarithmic carbon abundances with the probable errors are given in the second and third columns of table 10, respectively. It is to be noted that the values of ∆log A
C are always negative for 42 M dwarfs, and this is because the carbon abundances overestimated by the BB analysis neglecting the effect of contamination of H 2 O lines are now corrected for by the BS analysis taking this effect into account.
Inspection of figures 5 ∼ 7 reveals that the abundance corrections by the BB analysis always increase with the observed EWs. Normally, the variations of the abundance corrections plotted against the EWs used provide important information on the physical parameters relating to the line formation such as the micro-turbulent velocity (e.g., Tsuji 2008) . In the present case, however, the lines used are confined to a restricted intensity range and the variations may simply be explained as the effect of contamination mainly of H 2 O lines. In fact, EW will increase by the blend of H 2 O lines and a larger EW naturally results in a larger abundance correction, exactly as shown in figures 
We generate the synthetic spectra for our final logarithmic carbon abundances log A (3) C in table 10 and assuming the logarithmic oxygen abundances of log A O = log A (3) C + 0.30. We compare the observed (filled circles) and predicted (solid line) spectra for six M dwarfs in figure 13 and the fits are generally fine if not perfect. Inspection of figure 13 reveals that the change of the observed spectra from dM0 to dM6.5 can be well accounted for by the predicted spectra with T eff ≈ 2800 ∼ 3900K and logA C ≈ −3.8 ∼ −3.2. By the way, a feature at λ ≈ 22970Å was identified as due to Ti I a 3 G 5 -z 3 F 4 and a blending feature at λ ≈ 22973Å to Sc I a 4 F 9/2 -z 4 F 0 9/2 on the sunspot umbral spectrum (Wallace & Livingston 1992) . The H 2 O feature just shortward of the CO (2, 0) bandhead strengthens towards later M dwarfs as expected.
For GJ 412A and HIP 57050, we can compare figures 13c and 13d with figures 9a and 9b, respectively, showing the similar comparisons but with the results of the BB analysis. The differences are rather minor, but the improvements can be confirmed by their χ 2 values (see below).
The χ 2 values for the final abundances log A
C by the BS analysis are given in 4-th column of table. 10 for the 42 M dwarfs, and the results show definite improvements compared with those for the abundances log A C by the BB analysis given in the 9-th column of table 8 in general.
Finally, we evaluate the χ 2 values for the synthetic spectra assuming several carbon abundances and plot the results against the assumed logarithmic carbon abundances in figure 14 for three M dwarfs, GJ 412A, GJ 406, and HIP 57050. The points marked by ±nδ (δ = 0.1; n = 1 − 3) are χ 2 values for the synthetic spectrum assuming log A C = log A
C ± nδ with log A
C for each object given in the 9-th column of table 8. The points marked by BB are χ 2 values for our final carbon abundances of the BB analysis while those by BS for our BS analysis. Inspection of figure 14 reveals that our BS analysis results in the χ 2 value near the minimum for each object. Thus our simple BS analysis results in almost the same carbon abundance as by the minimization of χ 2 values.
-----------------------figure 13: Predicted vs. observed spectra for 6 M dwarfs (p.21).
figure 14: χ 2 -test for GJ412A, GJ406, and HIP 57050 (p.22).
-----------------------

Discussion
Method of Analysis
The major obstacle in the abundance analysis of cool stars has been the difficulty to locate the continuum level, and this problem is not limited to M dwarfs but has been a serious problem in cool luminous stars including M giant and supergiant stars. We hope to relax this difficulty by analyzing the spectra by referring to the pseudocontinuum instead of the true-continuum. Certainly, the pseudo-continuum defined by the collective effect of numerous weak lines is much more complicated compared with the true-continuum defined by the free-free or boundfree transitions of a few atoms and ions. However, the spectroscopic analysis can be carried out essentially the same way by referring to the pseudo-continuum instead of the true-continuum. For example, we measure EWs of the blended features by referring to the pseudo-continuum both in the observed and predicted spectra. Then, the analysis of EWs can be carried out as usual and this is important since the analysis of EWs plays a significant role in the spectral analysis for the reason to be noted below.
In the analysis of the complicated spectra composed of many blended lines, the spectral synthesis (SS) method has been widely employed, and the best fit has been determined by the χ 2 -test in general. However, an important drawback in this approach is that the different line broadenings could not be separated well. Especially, the micro-turbulent velocity could not be determined well since its effect could not be separated from those of macroturbulence and rotation on the synthetic spectrum. For example, the SS method was applied to several M dwarfs and micro-and macro-turbulent velocities were determined by Bean et al. (2006) , but it is not very clear how these two velocities could have been separated. Also, many groups used the SS method in a comparative study of the spectra of cool giant stars but the turbulent velocities were not determined well in many cases by the SS method (Lebzelter et al. 2012) .
The important discovery of the micro-turbulent velocity was done from the analysis of the equivalent widths by the curve-of-growth method (Struve & Elvey 1934) , and it is the EWs that are directly influenced by the microturbulent velocity. On the other hand, other line broadenings such as due to the macro-turbulence and rotation give no effect on EWs and they are recognized only on the synthetic spectrum. For this reason, the micro-turbulent velocity can be determined accurately and easily from the analysis of EWs, as has been shown for the case of cool giant stars (e.g., Tsuji 2008; . Once the microturbulent velocity is determined, then the SS method can be used to infer the effect of the additional broadenings such as the macro-turbulence and rotation. Certainly, SS method is not useful as a means by which to determine all the parameters but it can be useful to check the overall consistency at the end.
At the beginning of this study, we hoped to determine the micro-turbulent velocity first from the analysis of EWs by the LL method, but this attempt could not be realized with the medium resolution spectra at hand (subsection 4.1). Even with the higher resolution, the effect of the blending makes the LL method difficult. For this purpose, we propose to analyze the EWs measured on the synthetic spectra in subsection 5.2 and this method, referred to as BS method, works well in determining the abundance. By this method, analysis of EWs is not necessarily limited to single lines but can be extended to blended lines found in the region of depressed continua. We hope to apply this method to determining the micro-turbulent velocity with the higher resolution spectra. This is certainly a more challenging problem, but this should be almost unique way to determine the micro-turbulent velocity in the M dwarf photospheres.
Carbon Abundances in M Dwarfs
Determination of carbon abundances in late-type stars has been difficult in general and we do not yet have a result generally accepted even for the Sun. This is because the spectral lines used as indicators of carbon abundance are highly sensitive not only to the thermal structure of the photosphere but also to the inhomogeneity and non-LTE effects etc. In contrast, such difficulties can be avoided in M dwarfs for which CO molecule can be used as the abundance indicator. In the cool and dense photospheres of M dwarfs, almost all the carbon is in CO and hence its abundance shows little change for the changes of the physical condition. This advantage cannot be applied to hotter stars such as the Sun, in which CO formation is not yet complete but changes its abundance drastically for a minor change of temperature 9 . For this reason, CO cannot be a good abundance indicator of carbon for the Sun (Tsuji 1977 ). Despite such a difficulty, however, an extensive analysis on the solar model photoshpere with the use of CO spectrum itself has been done and the solar carbon, oxygen, and their isotopic abundances have been determined from the CO ro-vibrational spectrum (Ayres et al. 2006) .
Given that the difficulty due to the depressed continuum could be overcome by referring to the pseudocontinuum, the advantage of CO as the abundance indicator of carbon for M dwarfs outlined above can fully be realized. In fact, we have determined the carbon abundances from CO in 42 M dwarfs rather easily after correcting for the effect of the contamination of numerous weak H 2 O lines (section 5). So far, determinations of the elemental abundances in M dwarfs by a direct spectroscopic analysis are rather scarce, and our result for carbon abundances in 42 M dwarfs may be the largest sample of a directly determined elemental abundance or metallicity in M dwarfs at present.
An unsettled problem is that we have two cases of different T eff values for GJ 273 and GJ 725B. As for GJ 725B, the resulting carbon abundance of GJ 725B-H (log A table 10 ). Although such a test by binary cannot be applied to GJ 273, the result of the binary test for GJ 725B suggests that the T eff 9 In sufficiently low temperatures, say T < ∼ 4000 K at log Pg ≈ 6.0, CO formation is complete and the partial pressure of CO, P CO ≈ A C Pg, is almost independent of T . In the region where CO formation is incomplete (i.e., P CO << A C Pg), the partial pressures of free C and O are P C ≈ A C Pg and P O ≈ A O Pg, respectively. Then,
D CO where K CO (T ) is the equilibrium constant defined in Herzberg (1945) and, with the large dissociation energy of CO, D CO = 11.09 eV, P CO shows a drastic change with T .
by the M 3.4 -method should be preferable for GJ 725B and hence possibly for GJ 273. Also, the deviations from the mean relations in figures 1 ∼ 3 are rather large for GJ 273-L as well as for GJ 725B-L. For these reasons, we adopt the results for GJ 273-H and GJ 725B-H in the following discussion.
We compare our carbon abundances with the metallicities determined from the infrared spectroscopy by Mould (1978) and byÖnehag et al. (2012) in table 11 . The error bars were not given explicitly by Mould (1978) and we estimate them to be ± 0.2 dex from what is mentioned in his text. We also include two representative solar carbon abundances so far proposed, but the values somewhat between these extreme values have also been suggested (e.g., Ayres et al. 2006; Asplund et al. 2009 ). We plot these data in figure 15a , and our log A C values show expected positive correlation with [M/H] as a whole. Close inspection of figure 15a reveals that there is bifurcation in the log A C -[M/H] relation: one branch includes a larger sample of M dwarfs and the Sun with the high carbon abundance (Grevesse et al. 1991) while the other a smaller sample of M dwarfs and the Sun with the low carbon abundance (Allende Prieto et al. 2002) .
In table 12, we compare our carbon abundances with the iron abundances determined from the photometric calibrations of [Fe/H] using high resolution spectra (Neves et al. 2013) , and plot these data together with the solar values from table 11 in figure 15b. Except for two deviating stars (GJ 406 and GJ 686), the log A C -[Fe/H] correlation suggests that the C/Fe ratios in M dwarfs are nearly constant at about the solar C/Fe ratio based on the high carbon abundance (Grevesse et al. 1991 ) rather than on the downward revised carbon abundance (Allende Prieto et al. 2002) . This conclusion applies to the majority of M dwarfs shown in figure 15a as well. Given that the determination of carbon abundances is rather difficult in late type stars as exemplified by the solar case and that it is rather easy in M dwarfs by the use of CO as noted above, our result on the carbon abundances in M dwarfs provides a strong constraint on the carbon abundances of the disk population in the solar neighborhood.
Presently known data shown in figure 15 suggest a possibility of bifurcation in C/Fe ratio in M dwarfs. The majority of M dwarfs belong to the group of C/Fe ratio with the high solar carbon abundance and the minority belong to another group of C/Fe ratio with the low solar carbon abundance. It may probably not be a serious problem if few M dwarfs belong to the minority group. However, it should be a problem if the Sun belongs to the minority group or the solar C/Fe ratio is atypical for [Fe/H]=0. This problem if the Sun is a typical star with respect to the relative abundances of the elements at [Fe/H]=0 was examined in detail by the analysis of 189 nearby unevolved stars by Edvardsson et al. (1993) , who concluded that the Sun is a quite typical star with respect to the relative abundances of about a dozen of the elements for its metallicity, age, and galactic orbit, although carbon itself was not included in their analysis. We point out that the recent downward revised solar carbon abundance is [Vol. , apparently contradicting with this result.
Finally, the distribution of 42 M dwarfs against the carbon abundances is shown in figure 16 , and most M dwarfs are confined to the range of log A C between -3.7 and -3.2 except for few cases outside of this range. Also, our sample includes ten planet hosting M dwarfs (those marked by ‡ in table 1) as illustrated in figure 16 . It appears that the planet hosting M dwarfs are biased towards carbon rich side while M dwarfs as a whole towards carbon poor side. As a result, the fraction of the planet hosting M dwarfs is larger in M dwarfs of higher carbon abundances for our present sample. This result is in agreement with a tendency of metallicity in G, F, K, and M stars (e.g., Fischer & Valenti 2005; Johnson & Apps 2009 ). However, our sample cannot be regarded as an unbiased sample yet and we defer a detailed discussion on this matter to a future paper hopefully on an extended sample of M dwarfs. 
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Accuracy of the Abundance Analysis
The major problem in the spectral analysis of cool stars is generally thought to be due to the difficulty to locate the continuum level. We have examined the effect of depressed continuum due to the H 2 O veil opacity by our BS analysis and compared with the BB analysis disregarding the effect of H 2 O contamination. We have found that the neglect of the H 2 O blending results in an error of about 0.1 dex at the largest in the derived abundance (see ∆ log A (table 10) . Thus, the effect of the depressed continuum may not be very large in the case we have studied in this paper.
We estimate the external errors due to the uncertainties in the fundamental stellar parameters by the BB analysis (subsection 4.3), and the results may be the same for the BS analysis, since the effects of the fundamental parameters should not be different for the two analyses. The uncertainties in log g and in ξ micro result in rather large external errors in general. However, we used the specified model for the log g of each M dwarf and we hope that the effect of uncertainty in log g can be minimized. The problem is the uncertainty in ξ micro : If the results of ξ micro = 0.83 ∼ 0.94 km sec −1 (Bean et al. 2006) are typical values for M dwarfs, the uncertainty may not be so large as assumed in subsection 4.3. Anyhow, this is the largest problem in our present analysis and we hope to determine ξ micro by higher resolution spectra in future.
We assume simple one-dimensional LTE models throughout this paper. Certainly, this is an oversimplification to the real photospheres of M dwarfs. For example, convection penetrates to the line forming region even in the classical convective models based on the mixing-length theory (e.g., Tsuji 2002) . However, even if inhomogeneity due to convection appears, the CO abundance suffers little change since CO is well stabilized in the photospheres of M dwarfs. For this reason, the inhomogeneity will not have such a drastic effect as in the Sun (e.g., Allende Prieto et al. 2002) , at least for the analysis of CO lines in M dwarfs. Also, line formation in the dense photospheres of M dwarfs can be treated within the framework of LTE, especially for the ro-vibration transitions (Hinkle & Lambert 1975) .
Finally, we first wondered if abundance analysis could be done with the resolution as low as 20000. We have found, however, that the abundance analysis is rather simple at such a medium resolution, as can be known from the fact that the synthetic spectra can be matched rather easily without specifying any velocity parameters to the observed spectra in which all the details are smeared out by the slit function of FWHM = 16 km sec −1 . Such a fitting does not provide any new information except for confirming the abundance determined by the analysis of the EWs, but such a simplicity of analysis will be useful if we are to analyze a large sample of stars. We are convinced that the abundance analysis can be carried out by an analysis of EWs with the spectra of medium resolution, even though a high accuracy as realized by the higher resolution (e.g. R > ∼ 50000) cannot be achieved. However, even if the highest accuracy cannot be attained, the chemical composition is the prime fundamental data in astronomy and should best be determined by the direct analysis of the spectra. We believe that the spectroscopic analysis of M dwarfs can provide unique contribution to the problem of the cosmic chemical abundances and we hope more efforts will be directed to this field.
Hertzsprung-Russell Diagram at the End of the Main Sequence
The M 3.4 − log T eff diagram shown in figure 1 reveals a characteristic feature in that it shows bendings at log T eff ≈ 3.56 and ≈ 3.5. Such features should reflect the intrinsic properties of the stellar evolutionary models and, to clarify such a relationship, we generate an M bol −logT eff diagram or HR diagram by the use of the data given in tables 3 and 4. The result is shown in figure 17 where data based on the interferometry (filled circles) are extended to the lower temperatures by the data based on the infrared flux method (open circles). For comparison, the theoretical HR diagram based on the evolutionary models by Baraffe et al. (1998) is shown by the solid line, on which stellar masses (in unit of M ⊙ ) of the models are indicated. Their models assumed the solar metallicity and covered the range between 0.075 and 1.0 M ⊙ , thus reaching the very end of the main sequence. Although the number of data points is rather small, observations also cover the same range. The agreement between the theory and observations is fine especially in the regime of M dwarfs including the coolest ones. The bendings noted on figure 1 are clearly transformed from those in figure 17 . The changes of the slopes in figures 1 and 17 correspond nicely to those in the central temperature -effective temperature relation given in Fig. 1 of Baraffe et al. (1998) . These changes of the slope have been explained as due to the onset of convection induced by the H 2 formation in the photospheres of ≈ 0.5 M ⊙ dwarfs (T eff ≈ 3600 K) and increased importance of the electron degeneracy in the interior of ≈ 0.2M ⊙ dwarfs ( T eff ≈ 3200 K) (Baraffe et al. 1998 ). These points roughly correspond to the bendings at log T eff ≈ 3.56 and at log T eff ≈ 3.5 in figures 17 as well as in figure 1 . Thus, recent observational HR diagram reaching the bottom of the main sequence finally provides fine confirmation on the detailed structures of the sophisticated evolutionary models of low mass stars, which had been accomplished long time ago.
-----------------------figure 17: Observed and theoretical HR diagrams for low mass stars (p.23).
Concluding Remarks
In this paper, we have shown that the pseudocontinuum can be evaluated accurately on the theoretical spectrum of the M dwarf and use it as a reference in comparison with the observed spectrum for which only the pseudo-continuum can be known. Then quantitative analysis of the spectra badly depressed by the molecular veil opacities can be carried out to some extent. Such an analysis could be made possible by the recent progress in molecular physics which provided extensive line-lists with high precision (e.g., Barber et al. 2006; Rothman et al. 2010) , and the importance of the molecular databases should be emphasized again.
Given that the difficulty due to depressed continuum has been overcome, abundance analysis of M dwarf stars offers unique opportunity which is not realized in other spectral types. In particular, we are now convinced that at least the carbon abundances in late-type stars could best be determined in M dwarfs rather than in solar type stars by the use of CO as the abundance indicator. This result may be somewhat unexpected, but this is due to a favorable circumstance that carbon atoms in M dwarfs are mostly in stable CO molecules which remains almost unchanged for the changes of physical condition in the photospheres of M dwarfs. The similar favorable condition is realized in the determination of oxygen abundance by the analysis of H 2 O consuming most oxygen left after CO formation and hence stable in the photospheres of M dwarfs. The accurate determination of carbon and oxygen abundances in M dwarf stars, representing those of the stellar components of the Galactic disk, has a special interest in connection with the yet unsettled problem of the solar carbon and oxygen abundances.
In this work, we mainly observed M dwarfs earlier than dM5 except for dM6.5 dwarf GJ 406, since we thought that it might be difficult to analyze later M dwarfs. However, we find that the dM6.5 dwarf GJ 406 could be analyzed in the same way as in the earlier M dwarfs without any additional problem. Thus we are now convinced that the late M dwarfs can also be analyzed similarly only if the pseudo-continuum level can be defined. In the coolest M dwarfs of T eff < ∼ 2600 K, a new problem is that dust should form in their photospheres (e.g., Tsuji et al. 1996 : Jones & Tsuji 1997 . We are prepared to extend our analysis to such a case with our Unified Cloudy Models (UCMs) accommodating the dust clouds formed in their photospheres (Tsuji 2002; . We hope that such an extension to the coolest M dwarfs will be a pilot study for future works on more dusty objects including the exoplanets themselves.
Finally, we regret that our analysis is not yet satisfactory in that the spectral resolution (R ≈ 20000 or velocity resolution of 16 km sec −1 ) is not high enough to extract the basic information coded in the spectra of M dwarfs (e.g., turbulent velocities) and we hope further progress in high resolution infrared spectroscopy in the near future. The scientific justification for such a quest is obvious. In fact, there are large fields unexplored by high resolution in low luminosity objects including M subdwarfs, dwarf carbon stars, L, T, and Y dwarfs, and exoplanets of various kinds, even if we confine our attention to the objects somewhat related to M dwarfs. The high resolution spectroscopy on these objects will be within the capability of the large telescopes both on ground and in space under planning (or already in construction) only if efficient spectrographs can be developed.
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Computations are carried out on common use data analysis computer system at the Astronomy Data Center, ADC, of the National Astronomical Observatory of Japan. Table 6 of Boyajian et al. (2012) to our table 3, are less than 1 % for 21 objects out of 27 objects and only one object shows larger than 2 % error in the remainning 6 objects. The probable errors of M 3.4 are less than 0.15 mag for 22 objects out of 27 objects (see table 3 ). The error bars representing 1 % probable error in T eff and probable error of 0.15 mag in M 3.4 are shown at the lower left corner. (table 8) in high (thin line) and low (thick line) resolutions. The continuum level is depressed by about 8 % but the pseudo-continuum level is well defined. b) The theoretical spectrum renormalized by the pseudo-continuum (thick line) can be matched with the observed spectrum of GJ 406 (filled circles), but the theoretical spectrum normalized by the true continuum (copied from figure 8A above but changed to thin line) cannot. The reference numbers of table 7 are given to the respective CO blends. Fig. 9 . a) The observed spectrum of GJ 412A (filled circles) is compared with the theoretical one for the model Cc3500c484 (solid lines). The thick line is for the carbon abundance log A χ 2 values for the fittings of the observed and predicted spectra are plotted against log A C for GJ 412A, GJ 406, and HIP 57050. In this figure, BB and BS correspond to the carbon abundances based on BB (log A C (BB)) and BS (log A C (BS)) methods, respectively, and ±nδ to log A C (BB) ± nδ (n = 1, 2, and 3). Note that the results by the BS analysis are almost at the minima but those by the BB analysis are still not. Fig. 15 . a) Carbon abundances log A C (table 10) are compared with the metallicities based on high resolution infrared spectroscopy by Mould (1978) and byÖnehag et al. (2012) , shown by the filled circles and by filled triangles, respectively. b) Carbon abundances log A C (table 10) Joy & Abt (1974) and those for other objects from Boyajian et al. (2012) . Absolute bolometric magnitude based on L/L ⊙ of Table 6 in Boyajian et al. (2012) . # We apply different T eff values -low and high -for this object, and L implies that this is the case of low T eff (see subsection 3.1). Joy & Abt (1974) and those for other objects from Tsuji et al. (1996) . † Parallax by Hipparcos (van Leeuwen 2007) , except for GJ 406 and GJ 644C by RECONS and GJ 3849 by Gliese & Jahreiss (1991) . ‡ W ISE W 1 band centered at 3.4 µm . § Absolute magnitude at 3.4 µm.
Absolute bolometric magnitude based on log f bol (erg cm −2 sec −1 ) derived by integration of the observed SED in Table 1 of Tsuji et al. (1996) and the parallax. # We apply different T eff values -low and high -for this object, and L implies that this is the case of low T eff (see subsection 3.1).
* * The empirical formulae by Boyajian et al. (2012) are inapplicable to such a cool M dwarf, and mass is estimated by the use of the mass-luminosity (M K ) relation by Delfosse et al. (2000) with K = 6.08 (Gezari et al. 1987) . Radius is inferred from T eff and L bol = 1.06 × 10 −3 L ⊙ based on M bol . * * * Compared with T eff = 3465 K by the interferometry (table 3) , T eff by the infrared flux method is higher by 45 K. * * * * Compared with T eff = 3224 K by the interferometry (table 3) , T eff by the infrared flux method is lower by 14 K. § Absolute magnitude at 3.4 µm. We apply different T eff values -low and high -for this object, and H implies that this is the case of high T eff (see subsection 3.1). # F 3.4 observed for GJ 797B is 7.213 mag, but this is a sum of two components of about equal brightness. The values shown in 4-th and 5-th columns are for a component. Table 6 . Effect of the collision partners on the collision half-width for CO pure rotational transitions (see equation 1 as for the definitions of γ 0 and n, under which the collision partner is shown in parenthesis) T eff log g model 1 * 
C . † The cases L and H differ in T eff values (see subsection 3.1), and we finally adopt the carbon abundances of the case H both for GJ 273 and GJ 725B for the reason outlined in subsection 6.2. -4.836 -4.926 -4.834 -4.859 -4.855 -4.786 -4.766 -4.749 -4.817 -4.883 -4.887 -4.984 -4.882 GJ105B -4.756 -4.763 -4.710 -4.738 -4.780 -4.769 -4.718 -4.745 -4.770 -4.831 -4.851 -4.749 -4.676 GJ166C -4.750 -4.717 -4.653 -4.646 -4.774 -4.683 -4.632 -4.679 -4.704 -4.743 -4.881 -4.734 -4.705 GJ176 -4.747 -4.735 -4.737 -4.757 -4.724 -4.712 -4.710 -4.750 -4.770 -4.723 -4.819 -4.789 -4.808 GJ179 -4.751 -4.764 -4.815 -4.793 -4.803 -4.788 -4.734 -4.722 -4.753 -4.806 -4.776 -4.735 -4.730 GJ205 -4.665 -4.665 -4.653 -4.687 -4.710 -4.652 -4.676 -4.698 -4.690 -4.692 -4.693 -4.698 -4.729 GJ212 -4.734 -4.723 -4.804 -4.771 -4.718 -4.807 -4.712 -4.709 -4.706 -4.761 -4.740 -4.737 -4.754 GJ229 -4.712 -4.718 -4.718 -4.747 -4.759 -4.736 -4.688 -4.707 -4.718 -4.713 -4.743 -4.767 -4.792 GJ231.1B -4.817 -4.809 -4.773 -4.803 -4.828 -4.851 -4.789 -4.783 -4.819 -4.847 -4.862 -4.788 -4.778 GJ250B -4.811 -4.786 -4.750 -4.786 -4.788 -4.868 -4.762 -4.745 -4.753 -4.740 -4.783 -4.768 -4.756 GJ273 -4.763 -4.752 -4.727 -4.746 -4.814 -4.781 -4.724 -4.726 -4.744 -4.781 -4.760 -4.726 -4.714 GJ324B -4.750 -4.744 -4.710 -4.723 -4.748 -4.748 -4.724 -4.661 -4.724 -4.796 -4.758 -4.714 -4.737 GJ338A -4.810 -4.832 -4.804 -4.838 -4.822 -4.819 -4.785 -4.799 -4.817 -4.842 -4.862 -4.853 -4.934 GJ338B -4.811 -4.837 -4.803 -4.843 -4.824 -4.815 -4.780 -4.796 -4.818 -4.837 -4.865 -4.852 -4.919 GJ380 -4.640 -4.710 -4.682 -4.703 -4.714 -4.711 -4.662 -4.679 -4.713 -4.687 -4.799 -4.716 -4.799 GJ406 -4.546 -4.570 -4.517 -4.532 -4.561 -4.611 -4.537 -4.544 -4.545 -4.613 -4.622 -4.551 -4.547 GJ411 -4.885 -4.833 -4.811 -4.830 -4.863 -4.881 -4.852 -4.859 -4.863 -4.922 -4.879 -4.848 -4.849 GJ412A -4.881 -4.896 -4.891 -4.917 -4.919 -4.901 -4.872 -4.913 -4.982 -4.939 -5.021 -4.968 -4.945 GJ436 -4.808 -4.859 -4.768 -4.847 -4.825 -4.806 -4.756 -4.753 -4.802 -4.835 -4.910 -4.839 -4.825 GJ526 -4.829 -4.823 -4.801 -4.832 -4.828 -4.811 -4.776 -4.816 -4.835 -4.814 -4.875 -4.872 -4.840 GJ581 -4.773 -4.799 -4.763 -4.765 -4.824 -4.830 -4.776 -4.809 -4.836 -4.877 -4.889 -4.811 -4.818 GJ611B -4.886 -4.819 -4.744 -4.831 -4.813 -4.848 -4.820 -4.787 -4.807 -4.893 -4.925 -4.760 -4.738 GJ649 -4.775 -4.803 -4.793 -4.817 -4.848 -4.778 -4.799 -4.821 -4.837 -4.810 -4.897 -4.850 -4.866 GJ686 -4.815 -4.792 -4.700 -4.790 -4.759 -4.792 -4.770 -4.816 -4.775 --4.874 -4.803 -4.833 GJ687 -4.754 -4.742 -4.688 -4.696 -4.761 -4.772 -4.712 -4.731 -4.765 -4.750 -4.778 -4.760 -4.744 GJ725A -4.800 -4.807 -4.736 -4.745 -4.899 -4.790 -4.774 -4.825 -4.837 -4.792 -4.838 -4.776 -4.791 GJ725B -4.806 -4.803 -4.720 -4.728 -4.851 -4.790 -4.785 -4.803 -4.832 -4.804 -4.967 -4.769 -4.761 GJ768.1B -4.751 -4.772 -4.719 -4.717 -4.837 -4.794 -4.744 -4.771 -4.821 -4.878 -4.865 -4.768 -4.805 GJ777B -4.699 -4.686 -4.664 -4.651 -4.719 -4.743 -4.618 -4.702 -4.735 -4.717 -4.752 -4.677 -4.571 GJ783.2B -4.786 -4.748 -4.690 -4.686 -4.786 -4.762 -4.723 -4.757 -4.782 -4.805 -4.811 -4.678 -4.725 GJ797B-NE -4.854 -4.814 -4.780 -4.822 -4.836 -4.826 -4.807 -4.807 -4.837 -4.860 -4.824 -4.752 -4.725 GJ797B-SW -4.844 -4.794 -4.778 -4.792 -4.827 -4.815 -4.807 -4.803 -4.818 -4.826 -4.814 -4.772 -4.709 GJ809 -4.761 -4.788 -4.764 -4.801 -4.862 -4.817 -4.788 -4.797 -4.814 -4.867 -4.841 -4.848 -4.841 GJ820B -4.802 -4.799 -4.798 -4.794 -4.769 -4.790 -4.766 -4.772 -4.786 -4.788 -4.818 -4.849 -4.826 GJ849 -4.743 -4.690 -4.702 -4.705 -4.714 -4.743 -4.697 -4.724 -4.718 -4.761 -4.745 -4.753 -4.785 GJ876 -4.756 -4.748 -4.712 -4.710 -4.737 -4.727 -4.715 -4.688 -4.743 -4.745 -4.768 -4.863 -4.758 GJ880 -4.697 -4.712 -4.732 -4.741 -4.746 -4.698 -4.728 -4.745 -4.759 -4.711 -4.794 -4.808 -4.817 GJ884 -4.757 -4.744 -4.777 -4.740 -4.805 -4.727 -4.746 -4.753 -4.782 -4.797 -4.793 -4.862 -4.799 GJ3348B -4.766 -4.743 -4.710 -4.721 -4.755 -4.777 -4.688 -4.745 -4.765 -4.882 -4.793 -4.753 -4.727 HIP12961 -4.719 -4.724 -4.665 -4.648 -4.689 -4.718 -4.649 -4.668 -4.695 -4.742 -4.724 -4.755 -4.789 HIP57050 -4.737 -4.693 -4.654 -4.684 -4.707 -4.736 -4.701 -4.740 -4.730 -4.777 -4.745 -4.675 -4.706 HIP79431 -4.692 -4.695 -4.703 -4.702 -4.698 -4.734 -4.654 -4.693 -4.719 -4.820 -4.730 -4.708 -4.766 
